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Abstract:
Nearby dwarf galaxies are local analogues of high-redshift and metal-poor stellar populations.
Most of these systems ceased star formation long ago, but they retain signatures of their past that
can be unraveled by detailed study of their resolved stars. Archaeological examination of dwarf
galaxies with resolved stellar spectroscopy provides key insights into the first stars and galaxies,
galaxy formation in the smallest dark matter halos, stellar populations in the metal-free and metal-
poor universe, the nature of the first stellar explosions, and the origin of the elements. Extremely
large telescopes with multi-object R=5,000-30,000 spectroscopy are needed to enable such studies
for galaxies of different luminosities throughout the Local Group.
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1 A Window to the First Stars and Galaxies
Observationally accessing the era of first stars and galaxies (40 > z > 6) is a fundamental goal of
modern astrophysics. Local galaxies contain intact stellar populations that provide an archaeolog-
ical record of star formation and chemical enrichment in faint galaxies at high redshift, a regime
that is difficult or inaccessible to direct observation1. Nearby dwarf galaxies are particularly at-
tractive for studying near-field cosmology, star formation histories, and chemical evolution. The
surviving stars in these dwarf galaxies are local analogues of high-redshift and metal-poor stellar
populations, while their chemical abundances retain signatures of massive stars from that early
epoch. Dwarf galaxies’ small masses and typically simple star formation histories also enhance
the signatures of many important physical processes, such as stellar feedback2, gas inflows and
outflows3, chemical yields from rare events4, and enrichment from metal-free stars5.
The past decade has seen an explosion in the number of detected dwarf galaxies, including the
lowest luminosity and surface brightness galaxies known in the universe6–9, and a whole popula-
tion of galaxies around M3110. LSST is expected to more than double the number of known dwarf
galaxies11;12. This expanding sample of dwarf galaxies provides the opportunity to study universal
physical processes in galaxy formation and chemical evolution, as well as deviations from these
trends (e.g., the impact of a major merger or rare stellar explosion). Already with the current sam-
ple of galaxies, we have discovered new and different abundance patterns and trends4;13–17; pushed
beyond the Milky Way’s virial radius18–23 and into the faintest galaxies known24–27; studied chemo-
dynamic sub-populations and radial gradients28–31; and combined information in color-magnitude
diagrams and spectra to study star formation histories and age-metallicity relations32–36. These
efforts have revealed that local dwarf galaxies display a diversity of star formation and chemi-
cal enrichment histories. However, detailed spectroscopic study of resolved stellar populations
in dwarf galaxies is still mostly limited to a handful of relatively luminous or nearby Milky Way
satellites. If we could spectroscopically survey the entire Local Group with similar fidelity, that
would provide a representative picture of stars and galaxies at z > 61, while also sampling a wide
range of galaxy luminosities and environments. The construction of Extremely Large Telescopes
(ELTs) in the next decade will enable such archaeological reconstruction of the formation histories
and stellar populations of dwarf galaxies across the whole Local Group.
2 Key Questions
We focus on key questions answerable in the coming decade that require spectroscopy and elemen-
tal abundances, augmenting a white paper on near-field cosmology37 and complementing topics
covered by other white papers on new dwarf galaxy discoveries11;12, dwarf galaxy kinematics11;38,
stellar halos and streams38;39, and Pop III star signatures40.
What is the threshold of galaxy formation before and after reionization? Theoretical ar-
guments suggest star formation can occur in dark matter halos of mass above 105.5−8M prior to
reionization and & 109M after reionization (Fig 1)41–45. These mass thresholds directly deter-
mine which galaxies contribute to reionization, and the number abundance of dwarf galaxies in the
Local Group37. Current observations suggest that galaxies with stellar mass. 106M are near the
threshold where reionization is important34;46, but further progress requires understanding the star
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Figure 1: Simulated age-metallicity
relations of two galaxies forming be-
fore reionization44. Galaxies in this
epoch can contain lots of interest-
ing structure, but the stellar ages are
entirely unresolved by current ob-
servations. Detailed chemical abun-
dances of stars forming in and after
the epoch of reionization provide in-
formation that can help understand
the nature of early galaxy formation.
formation and gas accretion histories of faint galaxies in the first Gyr of the universe.
Accessing this earliest era benefits greatly from combining color-magnitude diagrams (CMDs)
and spectroscopic chemical abundance information. Spectroscopic abundances help break the age–
metallicity degeneracy in CMDs34, while the star formation histories provided by CMDs aid the
interpretation of chemical evolution models22;36;47. α-element abundances indicate at what metal-
licity Type Ia supernovae begin to contribute metals, which has been extensively used to esti-
mate typical galaxy formation timescales (Fig 2)3;15;47. Other delayed enrichment sources, such as
asymptotic giant branch (AGB) stars or neutron star mergers, can also be used to determine char-
acteristic timescales for star formation in dwarf galaxies36;48. Chemical abundances also constrain
the amount of gas accretion in a galaxy49. Joint consideration of CMDs and abundances for star
formation histories is still relatively new, and so far it has only been applied to very luminous or
very nearby Milky Way satellites23;29;30;34–36. Large telescopes will enable such detailed studies in
the faintest known galaxies, where the signatures of reionization may be most prominent, as well
as in field galaxies and M31 satellites.
Are distinct chemodynamical populations present in all dwarf galaxies? Dwarf galaxies
are simple when compared to the Milky Way, but they still contain features including complex
stellar populations, radial gradients, faint stellar halos, and other signatures of hierarchical galaxy
formation (e.g. Fig 1). Such signatures have only been observed in a few of the most luminous
nearby galaxies28;31;32, and the vast majority are still modeled as single homogeneously evolving
systems. A key limitation thus far is that spectroscopy of hundreds of stars per galaxy are needed
to robustly detect and characterize multiple chemodynamic populations, requiring larger spatial
coverage and deeper observations with multi-object spectrographs. For the closest dwarf galaxies
(. 50 kpc), spectroscopy with future large telescopes can feasibly reach the main sequence turnoff,
providing an opportunity to obtain both precise ages and metallicities for individual stars. This
approach offers the potential to resolve the earliest signs of hierarchical galaxy formation.
What are the sources and timescales of production of different elements? The lower
star formation efficiencies in dwarf galaxies amplify the impact of time-delayed nucleosynthetic
sources on stellar abundances (Fig 2). We highlight the explosion mechanism of Type Ia super-
novae and the origin of neutron capture elements as two of the most interesting open questions.
What is the explosion mechanism for Type Ia supernovae? Despite the importance of Type Ia
supernovae for cosmology51 and chemical evolution47, there is not yet a consensus on the physical
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Figure 2: Chemical evolution trends for two ultra-faint dwarf galaxies from high-resolution spec-
troscopy (Segue 1, Reticulum II)4;15 and two classical dSphs from medium-resolution spectroscopy
(Sculptor, Fornax)3;48;50. α-elements like Ca constrain the star formation history of the galaxy. Fe-
peak elements like Ni are related to the Type Ia explosion mechanism. Neutron-capture elements
like Ba can be used to understand the origin of the heaviest elements. Being luminous and nearby,
Scl and Fnx are two of the best-studied dwarf galaxies, with well-populated abundance trends.
ELTs are needed for similar studies in the faintest galaxies and outside the Milky Way.
mechanism of the explosion. The progenitor is clearly a binary system that includes at least one
white dwarf. However, the system could contain one or two white dwarfs (single- or double-
degenerate). The common wisdom that Type Ia supernovae explode by exceeding the Chan-
drasekhar mass has been challenged by theory52 and observations53. It has been suggested that Fe-
peak elements, like Mn and Ni, can at least distinguish the mass of the exploding white dwarf17;54.
In the next decade, further improvements in theoretical modeling and precision abundance mea-
surements may even lead to a definitive answer on the question of single- or double-degenerate
progenitors.
How are neutron-capture elements created? Neutron-capture elements like Sr, Ba, and Eu are
synthesized primarily in the s- and r-processes. AGB stars have been identified as the dominant
site of the s-process, but our understanding of their chemical contribution at zero or low metallicity
suffers from both limited observational data and theoretical predictions55;56. The site(s) of the r-
process is likely compact object mergers57;58 and/or the death of massive stars59;60, but the relative
dominance of these two channels is still debated36;48;60;61. Dwarf galaxies have diverse but simple
star formation histories, allowing them to provide insight into the yields, delay time distributions,
metallicity dependence, and relative occurrence rates of different neutron-capture element sources.
How do the IMF and binary fraction vary across environment? The initial mass function
(IMF) is a fundamental parameter of star and galaxy formation that is often assumed to be uni-
versal and unchanging. However, in the past decade there has been mounting evidence that the
IMF changes in different galactic environments14;62;63. At the low mass end (< 0.8M), direct
star counts in dwarf galaxies show that the IMF appears to be bottom light, although with varia-
tions between galaxies63;64. At the high mass end (> 8M), abundance ratios reflecting the initial
masses of supernovae (such as [Mg/Ca]) also appear to vary amongst dwarf galaxies14;36;65. Vari-
ations in the intermediate mass range (1 − 8M) have not been studied yet, but can potentially
3
Figure 3: Constraining the IMF with resolved stellar populations. Left: Chabrier IMF vs mass.
Center: stars with mass < 0.8M can be directly counted64. Top right: 1 − 8M stars release
different s-process yields as AGB stars55. Bottom right: massive stars produce different ratios of
α-elements, resulting in different abundance trends depending on IMF slope65.
be probed by mass-dependent s-process nucleosynthesis in AGB stars55. In the next decade, we
have the opportunity to probe the full extent of IMF variation in different galactic environments
by combining these probes (Fig 3). The low mass end is limited by stellar crowding and sample
contamination by unresolved background galaxies. High spatial resolution photometry with JWST
is needed to robustly constrain the shape of the IMF down to its expected peak at ∼0.2 M 64;66.
The high mass end is limited by abundance precision and sample sizes, requiring large samples of
stars with high-resolution spectroscopy14;36;65.
In dwarf galaxies, the prevalence of binary stars and their orbital properties could be signifi-
cantly different from Milky Way stellar populations. Several studies suggest that metal-poor stars
in the Milky Way and dwarf galaxies appear to have higher binary fractions and different period
distributions compared to more metal-rich field stars67–70. Confirming this result could have impor-
tant implications for IMFs derived from star counts64, ionizing photon production71, high-redshift
galaxy emission line ratios72, and binary star nucleosynthesis (e.g., Type Ia supernovae, neutron
star mergers). Multi-epoch radial velocity observations and large searches for carbon-enhanced
stars (which reveal unseen binary companions through binary mass transfer) in these dwarf galax-
ies are needed to understand whether binary fractions change across galactic environment.
What signatures of metal-free stars are present in dwarf galaxies? The first metal-free
(Pop III) stars are unusually massive and likely produced unique abundance signatures in their
supernova explosions73. Stellar abundances of extremely metal-poor stars in the ultra-faint dwarf
galaxies (MV > −7.7) are predicted to be relatively pure tracers of these explosions5;74;75. Fitting
the abundances of these stars to supernova model yields can provide insight into the mass distribu-
tion of the first stars76, but the total number of such stars in dwarf galaxies is still relatively small. It
is also hypothesized that some metal-free stars have low enough masses to survive until the present
day77, which could comprise as much as 1% of stars in faint dwarf galaxies78. Understanding and
searching for signatures of metal-free stars requires determining abundances of ∼ 102 stars in a
large number of faint dwarf galaxies.
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Figure 4: Luminosity vs distance for Local
Group galaxies79;80. Galaxies to the upper-left
of the colored lines have >100 stars available
for spectroscopy at a given magnitude limit (es-
timated with a 12 Gyr metal-poor isochrone81).
The dashed and dotted lines for V < 23 indi-
cate the limits for 10 and 1000 stars, respec-
tively. For high-resolution spectroscopy, Mag-
ellan/MIKE can measure abundances of 10–20
elements for stars at V ∼ 19 in 6-8h of inte-
gration15. For medium-resolution spectroscopy,
Keck/DEIMOS can measure [Fe/H] and [α/Fe]
for stars at V ∼ 22 in 6h of integration20;21.
ELTs will increase observation depth by 2 mag-
nitudes, allowing high-resolution abundances
for 10–100 stars out to the virial radius of the
Milky Way, and medium-resolution abundances
of >100 stars out M31 and beyond.
3 Summary and Requirements for the Next Decades
Spectroscopy of individual stars in dwarf galaxies, obtained with 6-10 m telescopes over the last
few decades, has provided critical insights into a wide range of scientific topics. Detailed study
of these stellar populations may be the only way to access the internal properties of typical star-
forming galaxies at z > 6. However, individual stars at extragalactic distances are very faint,
requiring multi-hour integrations on the largest telescopes to measure the weak absorption features
in these metal-poor stars. With medium resolution spectroscopy (R & 5000), spectral synthe-
sis techniques can provide the majority of elements of interest with a precision ∼0.2 dex3;21;48;50.
High-resolution spectroscopy (R & 20, 000), however, is still needed to detect several key ele-
ments (like Eu) and most metals in the lowest-metallicity stars ([Fe/H] . −3), where metal lines
become too weak to detect with low and moderate resolution spectroscopy40.
Fig 4 shows all currently known dwarf galaxies in the Local Group. The colored lines indi-
cate which galaxies have >100 stars available for spectroscopy at a given magnitude limit. The
number of faint galaxies (MV > −8) is expected to grow substantially in the coming decade11.
ELTs would provide 2 extra magnitudes of depth, paying huge dividends for dwarf galaxies by
enabling spectroscopic abundances of statistically meaningful samples of stars out beyond M31
and in all nearby ultra-faint dwarf galaxies. Achieving such sample sizes will require multi-object
spectroscopy at both medium- and high-resolution, though we note that the stellar densities of most
galaxies are low enough that adaptive optics is not required. The moderate field-of-views planned
for multi-object spectrographs on ELTs (25–50 arcmin2) are also sufficient to cover known galax-
ies, although closer Milky Way satellites benefit from wider fields. Thus, we recommend the con-
struction of ELTs with multi-object spectrographs to enable archaeological study of dwarf
galaxy formation histories across the Local Group.
5
References
1 M. Boylan-Kolchin, D. R. Weisz, J. S. Bullock and M. C. Cooper, The Local Group: the
ultimate deep field, MNRAS 462 (2016) L51 [1603.02679].
2 C. Wheeler, J. I. Phillips, M. C. Cooper, M. Boylan-Kolchin and J. S. Bullock, The surprising
inefficiency of dwarf satellite quenching, MNRAS 442 (2014) 1396 [1402.1498].
3 E. N. Kirby, J. G. Cohen, G. H. Smith, S. R. Majewski, S. T. Sohn and P. Guhathakurta,
Multi-element Abundance Measurements from Medium-resolution Spectra. IV. Alpha Element
Distributions in Milky Way Satellite Galaxies, ApJ 727 (2011) 79 [1011.5221].
4 A. P. Ji, A. Frebel, A. Chiti and J. D. Simon, R-process enrichment from a single event in an
ancient dwarf galaxy, Nature 531 (2016) 610 [1512.01558].
5 M. Jeon, G. Besla and V. Bromm, Connecting the First Galaxies with Ultrafaint Dwarfs in the
Local Group: Chemical Signatures of Population III Stars, ApJ 848 (2017) 85 [1702.07355].
6 K. Bechtol, A. Drlica-Wagner, E. Balbinot, A. Pieres, J. D. Simon, B. Yanny et al., Eight New
Milky Way Companions Discovered in First-year Dark Energy Survey Data, ApJ 807 (2015) 50
[1503.02584].
7 S. E. Koposov, V. Belokurov, G. Torrealba and N. W. Evans, Beasts of the Southern Wild:
Discovery of Nine Ultra Faint Satellites in the Vicinity of the Magellanic Clouds., ApJ 805
(2015) 130 [1503.02079].
8 P. G. van Dokkum, R. Abraham, A. Merritt, J. Zhang, M. Geha and C. Conroy, Forty-seven
Milky Way-sized, Extremely Diffuse Galaxies in the Coma Cluster, ApJ 798 (2015) L45
[1410.8141].
9 G. Torrealba, V. Belokurov, S. E. Koposov, T. S. Li, M. G. Walker, J. L. Sanders et al., The
hidden giant: discovery of an enormous Galactic dwarf satellite in Gaia DR2, arXiv e-prints
(2018) arXiv:1811.04082 [1811.04082].
10 N. F. Martin, R. A. Ibata, A. W. McConnachie, A. D. Mackey, A. M. N. Ferguson, M. J. Irwin
et al., The PAndAS View of the Andromeda Satellite System. I. A Bayesian Search for Dwarf
Galaxies Using Spatial and Color-Magnitude Information, ApJ 776 (2013) 80 [1307.7626].
11 J. D. Simon, K. Bechtol, A. Drlica-Wagner, M. Geha, V. Gluscevic, A. Ji et al., Dynamical
Masses for a Complete Census of Local Dwarf Galaxies, White paper submitted to the
Astro2020 Decadal Survey (2019) [1903.04743].
12 K. Bechtol, A. Drlica-Wagner, K. N. Abazajian, M. Abidi, S. Adhikari, Y. Ali-Haı¨moud et al.,
Dark Matter Science in the Era of LSST, White paper submitted to the Astro2020 Decadal
Survey (2019) [1903.04425].
13 K. A. Venn, M. D. Shetrone, M. J. Irwin, V. Hill, P. Jablonka, E. Tolstoy et al., Nucleosynthesis
and the Inhomogeneous Chemical Evolution of the Carina Dwarf Galaxy, ApJ 751 (2012) 102
[1204.0787].
6
14 A. McWilliam, G. Wallerstein and M. Mottini, Chemistry of the Sagittarius Dwarf Galaxy: A
Top-light Initial Mass Function, Outflows, and the R-process, ApJ 778 (2013) 149
[1309.2974].
15 A. Frebel, J. D. Simon and E. N. Kirby, Segue 1: An Unevolved Fossil Galaxy from the Early
Universe, ApJ 786 (2014) 74 [1403.6116].
16 I. U. Roederer, M. Mateo, J. I. Bailey, III, Y. Song, E. F. Bell, J. D. Crane et al., Detailed
Chemical Abundances in the r-process-rich Ultra-faint Dwarf Galaxy Reticulum 2, AJ 151
(2016) 82 [1601.04070].
17 A. McWilliam, A. L. Piro, C. Badenes and E. Bravo, Evidence for a Sub-Chandrasekhar-mass
Type Ia Supernova in the Ursa Minor Dwarf Galaxy, ApJ 857 (2018) 97 [1710.05030].
18 R. Leaman, K. A. Venn, A. M. Brooks, G. Battaglia, A. A. Cole, R. A. Ibata et al., The
Resolved Structure and Dynamics of an Isolated Dwarf Galaxy: A VLT and Keck Spectroscopic
Survey of WLM, ApJ 750 (2012) 33 [1202.4474].
19 E. J. Tollerud, R. L. Beaton, M. C. Geha, J. S. Bullock, P. Guhathakurta, J. S. Kalirai et al., The
SPLASH Survey: Spectroscopy of 15 M31 Dwarf Spheroidal Satellite Galaxies, ApJ 752 (2012)
45 [1112.1067].
20 L. C. Vargas, M. C. Geha and E. J. Tollerud, The Distribution of Alpha Elements in Andromeda
Dwarf Galaxies, ApJ 790 (2014) 73 [1406.0510].
21 I. Escala, E. N. Kirby, K. M. Gilbert, E. C. Cunningham and J. Wojno, Detailed Elemental
Abundances in the M31 Stellar Halo: Low-Resolution Resolved Stellar Spectroscopy, arXiv
e-prints (2018) [1811.09279].
22 E. N. Kirby, L. Rizzi, E. V. Held, J. G. Cohen, A. A. Cole, E. M. Manning et al., Chemistry and
Kinematics of the Late-forming Dwarf Irregular Galaxies Leo A, Aquarius, and Sagittarius
DIG, ApJ 834 (2017) 9 [1610.08505].
23 S. Taibi, G. Battaglia, N. Kacharov, M. Rejkuba, M. Irwin, R. Leaman et al., Stellar
chemo-kinematics of the Cetus dwarf spheroidal galaxy, A&A 618 (2018) A122
[1807.04250].
24 J. D. Simon, M. Geha, Q. E. Minor, G. D. Martinez, E. N. Kirby, J. S. Bullock et al., A
Complete Spectroscopic Survey of the Milky Way Satellite Segue 1: The Darkest Galaxy, ApJ
733 (2011) 46 [1007.4198].
25 L. C. Vargas, M. Geha, E. N. Kirby and J. D. Simon, The Distribution of Alpha Elements in
Ultra-faint Dwarf Galaxies, ApJ 767 (2013) 134 [1302.6594].
26 N. F. Martin, M. Geha, R. A. Ibata, M. L. M. Collins, B. P. M. Laevens, E. F. Bell et al., Is
Draco II one of the faintest dwarf galaxies? First study from Keck/DEIMOS spectroscopy,
MNRAS 458 (2016) L59 [1510.01326].
7
27 E. N. Kirby, J. G. Cohen, J. D. Simon, P. Guhathakurta, A. O. Thygesen and G. E. Duggan,
Triangulum II. Not Especially Dense After All, ApJ 838 (2017) 83 [1703.02978].
28 S. E. Koposov, G. Gilmore, M. G. Walker, V. Belokurov, N. W. Evans, M. Fellhauer et al.,
Accurate Stellar Kinematics at Faint Magnitudes: Application to the Boo¨tes I Dwarf Spheroidal
Galaxy, ApJ 736 (2011) 146 [1105.4102].
29 B. Lemasle, V. Hill, E. Tolstoy, K. A. Venn, M. D. Shetrone, M. J. Irwin et al., VLT/FLAMES
spectroscopy of red giant branch stars in the Carina dwarf spheroidal galaxy, A&A 538 (2012)
A100 [1112.0431].
30 B. Lemasle, T. J. L. de Boer, V. Hill, E. Tolstoy, M. J. Irwin, P. Jablonka et al., VLT/FLAMES
spectroscopy of red giant branch stars in the Fornax dwarf spheroidal galaxy, A&A 572 (2014)
A88 [1409.7703].
31 G. Kordopatis, N. C. Amorisco, N. W. Evans, G. Gilmore and S. E. Koposov, Chemodynamic
subpopulations of the Carina dwarf galaxy, MNRAS 457 (2016) 1299 [1601.01589].
32 D. R. Weisz, A. E. Dolphin, E. D. Skillman, J. Holtzman, K. M. Gilbert, J. J. Dalcanton et al.,
The Star Formation Histories of Local Group Dwarf Galaxies. I. Hubble Space Telescope/Wide
Field Planetary Camera 2 Observations, ApJ 789 (2014) 147 [1404.7144].
33 A. Savino, M. Salaris and E. Tolstoy, Inclusion of horizontal branch stars in the derivation of
star formation histories of dwarf galaxies: The Carina dSph, A&A 583 (2015) A126
[1509.04929].
34 T. M. Brown, J. Tumlinson, M. Geha, J. D. Simon, L. C. Vargas, D. A. VandenBerg et al., The
Quenching of the Ultra-faint Dwarf Galaxies in the Reionization Era, ApJ 796 (2014) 91
[1410.0681].
35 J. E. Norris, D. Yong, K. A. Venn, G. Gilmore, L. Casagrande and A. Dotter, The Populations
of Carina. II. Chemical Enrichment, ApJS 230 (2017) 28 [1705.09023].
36 V. Hill, A´. Sku´lado´ttir, E. Tolstoy, K. A. Venn, M. D. Shetrone, P. Jablonka et al.,
VLT/FLAMES high-resolution chemical abundances in Sculptor: a textbook dwarf spheroidal
galaxy, arXiv e-prints (2018) [1812.01486].
37 D. R. Weisz and M. Boylan-Kolchin, Near-Field Cosmology with the Lowest-Mass Galaxies,
White paper submitted to the Astro2020 Decadal Survey (2019) [1901.07571].
38 T. S. Li, M. Kaplinghat, A. B. Pace et al., Dark Matter Physics with Wide Field Spectroscopic
Surveys, White paper submitted to the Astro2020 Decadal Survey (2019) .
39 R. E. Sanderson, J. L. Carlin, E. C. Cunningham, N. Garavito-Camargo, P. Guhathakurta, K. V.
Johnston et al., The Multidimensional Milky Way, White paper submitted to the Astro2020
Decadal Survey (2019) [1903.07641].
40 D. Buzasi, A. P. Ji, G. Mace, V. M. Placco, I. U. Roederer and J. S. Sobeck, The First Stars and
the Origin of the Elements, White paper submitted to the Astro2020 Decadal Survey (2019) .
8
41 J. S. Bullock, A. V. Kravtsov and D. H. Weinberg, Reionization and the Abundance of Galactic
Satellites, ApJ 539 (2000) 517 [astro-ph/0002214].
42 N. Y. Gnedin, Effect of Reionization on Structure Formation in the Universe, ApJ 542 (2000)
535 [astro-ph/0002151].
43 V. Bromm and N. Yoshida, The First Galaxies, ARA&A 49 (2011) 373 [1102.4638].
44 J. H. Wise, M. J. Turk, M. L. Norman and T. Abel, The Birth of a Galaxy: Primordial Metal
Enrichment and Stellar Populations, ApJ 745 (2012) 50 [1011.2632].
45 A. T. P. Schauer, S. C. O. Glover, R. S. Klessen and D. Ceverino, The influence of streaming
velocities on the formation of the first stars, MNRAS 484 (2019) 3510 [1811.12920].
46 D. R. Weisz, A. E. Dolphin, E. D. Skillman, J. Holtzman, K. M. Gilbert, J. J. Dalcanton et al.,
The Star Formation Histories of Local Group Dwarf Galaxies. II. Searching For Signatures of
Reionization, ApJ 789 (2014) 148 [1405.3281].
47 G. Gilmore and R. F. G. Wyse, Chemical evolution with bursts of star formation - Element
ratios in dwarf galaxies, ApJ 367 (1991) L55.
48 G. E. Duggan, E. N. Kirby, S. M. Andrievsky and S. A. Korotin, Neutron Star Mergers are the
Dominant Source of the r-process in the Early Evolution of Dwarf Galaxies, ApJ 869 (2018) 50
[1809.04597].
49 E. N. Kirby, J. G. Cohen, P. Guhathakurta, L. Cheng, J. S. Bullock and A. Gallazzi, The
Universal Stellar Mass-Stellar Metallicity Relation for Dwarf Galaxies, ApJ 779 (2013) 102
[1310.0814].
50 E. N. Kirby, J. L. Xie, R. Guo, M. Kovalev and M. Bergemann, Catalog of Chromium, Cobalt,
and Nickel Abundances in Globular Clusters and Dwarf Galaxies, ApJS 237 (2018) 18.
51 A. G. Riess, A. V. Filippenko, P. Challis, A. Clocchiatti, A. Diercks, P. M. Garnavich et al.,
Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological
Constant, AJ 116 (1998) 1009 [astro-ph/9805201].
52 K. J. Shen, S. Toonen and O. Graur, The Evolution of the Type Ia Supernova Luminosity
Function, ApJ 851 (2017) L50 [1710.09384].
53 W. E. Kerzendorf, B. P. Schmidt, M. Asplund, K. Nomoto, P. Podsiadlowski, A. Frebel et al.,
Subaru High-Resolution Spectroscopy of Star G in the Tycho Supernova Remnant, ApJ 701
(2009) 1665 [0906.0982].
54 I. R. Seitenzahl, G. Cescutti, F. K. Ro¨pke, A. J. Ruiter and R. Pakmor, Solar abundance of
manganese: a case for near Chandrasekhar-mass Type Ia supernova progenitors, A&A 559
(2013) L5 [1309.2397].
55 A. I. Karakas and M. Lugaro, Stellar Yields from Metal-rich Asymptotic Giant Branch Models,
ApJ 825 (2016) 26 [1604.02178].
9
56 U. Frischknecht, R. Hirschi, M. Pignatari, A. Maeder, G. Meynet, C. Chiappini et al., s-process
production in rotating massive stars at solar and low metallicities, MNRAS 456 (2016) 1803
[1511.05730].
57 J. M. Lattimer, F. Mackie, D. G. Ravenhall and D. N. Schramm, The decompression of cold
neutron star matter, ApJ 213 (1977) 225.
58 B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ackley, C. Adams et al., Multi-messenger
Observations of a Binary Neutron Star Merger, ApJ 848 (2017) L12 [1710.05833].
59 P. Mo¨sta, L. F. Roberts, G. Halevi, C. D. Ott, J. Lippuner, R. Haas et al., R-process
Nucleosynthesis from Three-Dimensional Magnetorotational Core-Collapse Supernovae, ArXiv
e-prints (2017) [1712.09370].
60 D. M. Siegel, J. Barnes and B. D. Metzger, The neutron star merger GW170817 points to
collapsars as the main r-process source, arXiv e-prints (2018) [1810.00098].
61 B. Coˆte´, C. L. Fryer, K. Belczynski, O. Korobkin, M. Chrus´lin´ska, N. Vassh et al., The Origin
of r-process Elements in the Milky Way, ApJ 855 (2018) 99 [1710.05875].
62 C. Conroy and P. G. van Dokkum, The Stellar Initial Mass Function in Early-type Galaxies
From Absorption Line Spectroscopy. II. Results, ApJ 760 (2012) 71 [1205.6473].
63 M. Geha, T. M. Brown, J. Tumlinson, J. S. Kalirai, J. D. Simon, E. N. Kirby et al., The Stellar
Initial Mass Function of Ultra-faint Dwarf Galaxies: Evidence for IMF Variations with
Galactic Environment, ApJ 771 (2013) 29 [1304.7769].
64 M. Gennaro, K. Tchernyshyov, T. M. Brown, M. Geha, R. J. Avila, P. Guhathakurta et al.,
Evidence of a Non-universal Stellar Initial Mass Function. Insights from HST Optical Imaging
of Six Ultra-faint Dwarf Milky Way Satellites, ApJ 855 (2018) 20 [1801.06195].
65 J. L. Carlin, A. A. Sheffield, K. Cunha and V. V. Smith, Chemical Abundances of Hydrostatic
and Explosive Alpha-elements in Sagittarius Stream Stars, ApJ 859 (2018) L10
[1805.04120].
66 K. El-Badry, D. R. Weisz and E. Quataert, The statistical challenge of constraining the
low-mass IMF in Local Group dwarf galaxies, MNRAS 468 (2017) 319 [1701.02347].
67 G. D. Martinez, Q. E. Minor, J. Bullock, M. Kaplinghat, J. D. Simon and M. Geha, A Complete
Spectroscopic Survey of the Milky Way Satellite Segue 1: Dark Matter Content, Stellar
Membership, and Binary Properties from a Bayesian Analysis, ApJ 738 (2011) 55
[1008.4585].
68 Q. E. Minor, A. B. Pace, J. L. Marshall and L. E. Strigari, Robust velocity dispersion and
binary population modeling of the ultra-faint dwarf galaxy Reticulum II, arXiv e-prints (2018)
[1810.12903].
69 M. Moe, K. M. Kratter and C. Badenes, The Close Binary Fraction of Solar-type Stars is
Strongly Anti-correlated with Metallicity, arXiv e-prints (2018) [1808.02116].
10
70 M. E. Spencer, M. Mateo, E. W. Olszewski, M. G. Walker, A. W. McConnachie and E. N.
Kirby, The Binary Fraction of Stars in Dwarf Galaxies: The Cases of Draco and Ursa Minor,
AJ 156 (2018) 257 [1811.06597].
71 X. Ma, P. F. Hopkins, D. Kasen, E. Quataert, C.-A. Faucher-Gigue`re, D. Keresˇ et al., Binary
stars can provide the ‘missing photons’ needed for reionization, MNRAS 459 (2016) 3614
[1601.07559].
72 A. L. Strom, C. C. Steidel, G. C. Rudie, R. F. Trainor, M. Pettini and N. A. Reddy, Nebular
Emission Line Ratios in z ∼ 2-3 Star-forming Galaxies with KBSS-MOSFIRE: Exploring the
Impact of Ionization, Excitation, and Nitrogen-to-Oxygen Ratio, ApJ 836 (2017) 164
[1608.02587].
73 V. Bromm, Formation of the first stars, Reports on Progress in Physics 76 (2013) 112901
[1305.5178].
74 A. P. Ji, A. Frebel and V. Bromm, Preserving chemical signatures of primordial star formation
in the first low-mass stars, MNRAS 454 (2015) 659 [1508.06137].
75 S. Salvadori, A´. Sku´lado´ttir and E. Tolstoy, Carbon-enhanced metal-poor stars in dwarf
galaxies, MNRAS 454 (2015) 1320 [1506.03451].
76 M. N. Ishigaki, N. Tominaga, C. Kobayashi and K. Nomoto, The Initial Mass Function of the
First Stars Inferred from Extremely Metal-poor Stars, ApJ 857 (2018) 46 [1801.07763].
77 A. Stacy and V. Bromm, The First Stars: A Low-mass Formation Mode, ApJ 785 (2014) 73
[1307.1798].
78 M. Magg, T. Hartwig, B. Agarwal, A. Frebel, S. C. O. Glover, B. F. Griffen et al., Predicting
the locations of possible long-lived low-mass first stars: importance of satellite dwarf galaxies,
MNRAS 473 (2018) 5308 [1706.07054].
79 J. D. Simon, The Faintest Dwarf Galaxies, arXiv e-prints (2019) [1901.05465].
80 A. W. McConnachie, The Observed Properties of Dwarf Galaxies in and around the Local
Group, AJ 144 (2012) 4 [1204.1562].
81 A. Dotter, B. Chaboyer, D. Jevremovic´, V. Kostov, E. Baron and J. W. Ferguson, The
Dartmouth Stellar Evolution Database, ApJS 178 (2008) 89 [0804.4473].
11
